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Introduction
The exploitation of tidal streams for energy generation offers a viable route to decreasing Britain's dependence on fossil fuels. The most suitable offshore locations are dominated by high velocity and highly turbulent flows. The installation of tidal stream turbines and their operation in such complex environments can be potentially very difficult [1] . Minimising risks taken by developers and stakeholders can only be achieved by a better understanding of these environments and how such devices are likely to perform within them. This can be achieved through laboratory models, scaled or full-scale offshore deployments or through numerical simulation. A key advantage of numerical simulation is the lower risk and cost, although there is clearly a need for validation against measured data. Numerical models are also useful for predicting environmental impacts of tidal stream turbines [2] . Although laboratory models cannot truly mimic complex offshore conditions, they are very convenient due to significantly lower costs compared to offshore deployments, and for the possibility to collect accurate and repeatable data.
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The explicit modelling of turbine blades can be achieved through computational fluid dynamics [3] , although this can be quite demanding on computational resources. An alternative approach is the classical Blade Element Momentum (BEM) method, which was developed by Glauert [4] and has been used for the analysis of propellers, particularly within the helicopter industry [5] , and more recently, wind turbines [6] using tabulated airfoil data. The simplicity of the model and the agreement of its results with measured data have helped to make it the most popular design tool for analysing the aerodynamic loading on wind turbine rotors with no feasible alternatives. The BEM method has also been applied successfully to tidal turbines [7] . The method requires the discretisation of the rotor into typically 10-20 annuli [8] and it is assumed that each annulus can be treated independently. A stream tube can therefore be extended through each annulus to both the far upstream and far downstream. However, due to the complexity of flow situations encountered by a typical rotor, various empirical corrections have been introduced for unsteady flows, yawed rotors [9, 10] , hub losses [11] , tip losses [4, 12] and heavily loaded rotors [9, 13] . Masters et al. [7] implement many of these in a tidal context.
One of the key limitations of the BEM method is that it cannot be used for analysing the influence of a rotor on the surrounding flow. Where an analysis of wake dynamics is required, alternative modelling approaches must be employed. A number of such alternatives have been developed for evaluating wind turbine wakes, although they have not been widely adopted at an industrial level due to high computational resource requirements. Comprehensive reviews have been presented on these models [14] [15] [16] [17] [18] [19] [20] . The BEM model remains the industry's preferred design tool.
Despite the similarities between tidal and wind turbines, and although extensive work has been performed on the latter, there has been significantly less focus on tidal power. Yet there is much that can be learned from the accumulated knowledgebase associated with the wind power industry. This comes at a vital time when numerous tidal power trial schemes have been granted consent and planning is likely to commence in the near future for larger array deployments. There is therefore a clear need for practically useable tools to aid in the planning and implementation of tidal power schemes, and to predict the performance of tidal turbines in offshore environments.
A Blade Element Momentum -Computational Fluid Dynamics (BEM-CFD) model is presented here and is based on the actuator disk approach [21] , but accounts for variations in blade geometry and its hydrodynamic properties. In the BEM-CFD model, a turbine is represented by a permeable disc through which the flow is allowed to pass whilst being subjected to the influence of surface forces due to the blades. Blade representation is based on the BEM method within the solution of the conservation laws as characterised by the Euler or Navier-Stokes equations.
Linking the CFD flow domain to the BEM model is achieved by additional source terms included within the conservation of momentum equations of a typical finite volume computational fluid dynamics solver, in this case PHYSICA [22] , which has been developed by Croft et al. [23] . By resolving the flow around the rotor, the interdependence of the annuli within the BEM model is accounted for, and the empirical corrections listed above are no longer required. The actuator disk implemented here is non-uniformly loaded with the force varying according to axial and radial position. Validation of the model is conducted against measured flume data collected by Bahaj et 3 al. [24] using a 0.8 m diameter turbine. To achieve this comparison, a blockage correction based on conservation of fluid mass through a streamtube passing through the rotoris implemented to the simulation results. The same methodology was implemented by Bahaj et al. [24] to produce the published flume data . The BEM-CFD is applied to an unconstrained CFD solution domain as a more direct approach to minimising blockage effects and the results are also compared to the more widely used classical BEM model which does not account for the local flow field around the rotor.
The BEM-CFD Model

The governing equations
The CFD model depends upon the solution of the Navier-Stokes equations which represent the conservation of mass and momentum. The steady-state equations for mass and momentum are expressed mathematically as:
where ρ is the density, u i is the i'th component of the velocity vector,  lam and  t are the dynamic laminar and turbulent viscosities respectively, and S i includes any additional sources (for example the source due to the moving rotor).
The effect of turbulence is resolved through the k-ε model [25] . In this model two equations are solved, the first representing the energy contained with the turbulence, represented by the symbol k, and the second dissipation of this energy, represented by the symbol ε. The equations for the transport of these variables are similar in form to the momentum equations:
These equations are used to calculate a turbulent viscosity:
In equations (3), (4) and (5) 
C and  C are taken to be constants, and G represents the turbulent generation rate. The turbulent viscosity is added to the laminar viscosity and the sum is used as the viscosity in the diffusion terms in the momentum, k and ε equations.
Representation of Rotor -Blade Element Method
For the actuator disc method, the influence of a turbine with multiple blades is timeaveraged over a significant time interval. The influence of the blades becomes evenly distributed over the area of influence of the turbine, and the rotor applies the same force to all locations at the same radial distance from the rotor centre on a given axial plane. Magnitudes of such forces are a function of blade geometry and its hydrodynamic properties as characterised by the variations in lift and drag coefficients with the angle of attack of the flow. The blade used here is based on the experiments presented in [24] . Lift and drag coefficient properties are presented in [26] .
Source terms which are functions of radial and axial position are applied to each of the momentum equations that represent the force on the fluid due to the blades of the turbines. The advantage of this approach is that the physical characteristics of the blade are introduced through the source terms rather than being specifically resolved using an exact geometry allowing better quality meshes. The disadvantage is that because of the Reynolds averaged nature of the solution, it fails to resolve any transient flow features due to blade position. Figure 1a shows the discretisation of a three-bladed turbine in the blade element method approach. The blade properties at a certain radius, r, are determined and are then averaged throughout the whole of the shaded region. This is repeated for each blade element over the radius of the rotor. In Figure 1b a close-up schematic of a blade element is shown indicating the chord length, c, the element thickness, t, and the radial width, dr. (Figure 1c) . Based on the approach in Griffiths [27] , an axial force on a blade element can be defined as follows:
and the tangential force on a blade element, which is equal to the torque/radius, i.e. dT/r, can be defined as:
where  is the flow inclination angle defined by:
Here u  and u z are the tangential and axial velocities respectively, and  is the angular velocity in rad/s. The lift force, F L , and drag force, F D , are given as follows:
Here C L and C D are the lift and drag coefficients respectively, and
Substituting (9) and (10) into (6) and (7) gives the following equations:
which, when resolved into Cartesian components and converted into a force per volume, are substituted into the momentum equations (2) through the source terms, S i .
Computational solution procedure
The Navier-Stokes equations are solved within the CFD model to calculate velocity and pressure parameters throughout the flow domain. The solution is dependent on the initial and boundary conditions which are implemented to set up the model. Meanwhile, at the location of the blades, a source term is introduced using the BEM model which is dependent on the blade characteristics and the tip speed ratio. Throughout the simulation, there is a closely coupled interaction between the CFD model and the BEM model at every iteration. The solution procedure is illustrated through the schematic diagram presented in Figure 2 . The solution to the set of governing equations (1)- (4) is achieved using a collocated cell centred finite volume method. The solution domain is split into a number of nonoverlapping mesh elements (see Section 3.3). The governing equations are discretised using cell-centred approximations to the variables, where the control volume is the mesh element itself.
The continuity, momentum and turbulence equations can be written in the general form
where the values of the variables , Γ  and Q v are defined as shown in Table 1 . Table 1 Definition of terms in the generic transport equation. 
Definitions
The tip speed ratio (TSR), the ratio between the rotational speed of the tip of the blades and the free-stream horizontal velocity, is defined by
where U is the upstream free velocity.
The performance of a rotor can be characterised using the power coefficient, P C , and thrust coefficient, 
In the computational model the integrals in (15)- (16) are calculated from a summation over each element as calculated from (12)-(13).
Numerical Simulations and Validation Methods
Measured Tow-Tank Data
The simulations presented in this study are based on the tow-tank experiments conducted by Bahaj et al. [24] for a 0.8 m diameter, three-bladed turbine with hub pitch angles of 20 and 25 degrees. The authors consider a range of different conditions, as well as cavitation tunnel experiments. The blade geometry as well as the lift and drag coefficient values required for characterising the source terms within the BEM-CFD model are provided in the experimental publication. The width, depth and length of the tow tank, are 3.7 m, 1.8 m and 60 m respectively, with the 0.8 m diameter rotor placed 3.59 m downstream of the inlet (see Figure 3a ). An approximation to the nacelle from the tow tank experiments [24] is included in the mesh. The diameter of the horizontal main body is 0.1 m, and the total length from nose to tail of the nacelle is 1.0 m. In [24] , it is stated that the downstream position of the upright support that connects the nacelle to the tow rig is chosen to have minimal effect on rotor performance. Therefore the upright support has not been included in the computational model. In Figure 3b , a view of the rotor disk in the y-z plane is 8 presented. The centre of the rotor is located at x = 0.03 m, y = z = 0 m. Two hub pitch angles were considered: 20° and 25°.
In the experimental study, the effect of depth of immersion on the rotor performance was investigated by varying the magnitude of 'H' shown in Figure 3 . Two tip immersions were considered: 'shallow' (H = 0.15 m), and 'deep' (H = 0.44 m). The deep tip immersion condition is equivalent to a distance of approximately half a diameter from the water surface and is therefore very close to the water surface and surface effects are still likely to be significant. The tow tank domain is enclosed apart from the top where there is a free surface and the rotor is pulled along the length of the tank at a speed u exp m/s which varied for different experiments are presented in Table 2 . 
Classical Blade Element Momentum Method
The principles of Blade Element Momentum Theory (BEMT) were explained earlier in Section 2.2 where the characterisation of the rotor within the model was discussed. In its classical form, it is commonly used to evaluate the performance of rotors as characterised by C P values. The BEM model used in this study to produce performance curves for the turbine blades used in [24] is presented in [7] where it is validated against GH Tidal Bladed, which is widely considered to be the industry standard. The model was applied whilst implementing the Glauert tip loss equation [4] and a hub loss model proposed by Moriarty and Hansen [11] .
Axial and tangential induction factors (a and b respectively) are defined as follows:
where for any given stream tube passing through the rotor, u and U are the longitudinal velocities at the blade and in the free-stream respectively, whereas ω is the rotational velocity of the flow in the immediate wake and Ω is the rotational velocity of the blades. Values of the axial induction factor greater than 0.5 correspond to a physically unrealistic reversal of flow in the rotor wake; classical BEMT cannot, therefore, handle such values of a. We therefore introduce a high-induction correction, which uses a different, semiempirical, relationship between disc thrust loading and the axial induction factor when a exceeds some specified critical value (typically around 0.4). Strictly speaking, the axial and induction factors are used to characterise the flow properties at the location of the blade. These definitions are also useful for evaluating flow recovery downstream of the rotor, and for that purpose, the normalised longitudinal velocity and normalised area mean angular velocity ( ' a and b ) are synonymous with the definitions for a and b respectively, except they are applied away from the rotor. The value of b is determined by averaging over the area of influence of the rotor (0.8 m diameter) at any given longitudinal distance downstream.
BEM-CFD Simulations and Blockage Corrections
Simulations were conducted using the model outlined earlier in Section 2. The model domain was therefore based on the cross-sectional geometry of the tow-tank (Section 3.1) and the terms 'shallow tip immersion' and 'deep tip immersion' used by Bahaj et al. [24] in reference to 'H' values of 0.15 m and 0.44 m respectively are retained herein. To investigate the effect of immersion, the model domain is occupied completely by the flow and the rotor is positioned so that height H, shown in Figure 3 , represents the tip immersion.
Since the experiments were conducted in a tow-tank, the influence of different flows on the performance of a device is evaluated by dragging it through the stationary water at the velocities listed in Table 2 . However, for the numerical simulations, the rotor remains fixed in location as water flows past it. A constant plug flow is introduced at the inlet with magnitude u exp (see Table 2 ), a symmetry boundary is implemented in place of the water surface and a zero-pressure boundary is implemented at the downstream end of the domain. The axial component of velocity on the side walls and bed of the domain are fixed to u exp which is intended to simulate a wide and deep domain where wall effects are completely absent, particularly at the location of the rotor.
Naturally, laboratory investigations are often restricted by limitations, and in this case, the depth of the flume is only 2.25 times greater than the turbine diameter and hence, blockage effects are likely to be significant. Bahaj et al. [24] attempt to correct for these errors and the reader is advised to refer to their publication for further clarification on their correction approach. The following correction factor was applied by Bahaj et al. [24] and will be considered as one of the options for blockage correction of the results presented in this study:
where U T is the upstream velocity, U 1 is the velocity through the rotor, U 2 is the downstream in-wake velocity and U 3 is the downstream out-of-wake velocity. The correction factor is then applied to the tip speed ratio (n = 1), the thrust coefficient (n = 2) and the power coefficient (n = 3) to correct the respective curves of the performance parameters.
In setting up numerical models, this is one area where the user faces relatively fewer restrictions and therefore, we adopt a more direct method for minimising blockage errors and we consider a third domain geometry where the width and depth are both increased to: 4.80 m; 6.0 times greater than the turbine diameter. The turbine in this case is centred vertically within the water column resulting in an equivalent 'H' value of 2.0 m, and this will be referred to as the 'unconstrained' condition.
A relatively high mesh resolution is implemented at the location where the source terms characterising the rotor are implemented to capture spatial variations associated with blade properties in an adequate level of detail. This will be referred to as the 'blade region' (see Figure 4) . A high mesh resolution, albeit to a lesser extent, is maintained in the vicinity of the rest of the turbine structure and in the region immediately downstream, where acceleration of the flow is significant. The mesh resolution is gradually reduced by increasing element size towards the outer edges of the model domain. Details of the mesh resolution across the domain are summarised in Figure 4 and Table 3 . 
Results and Discussion
To validate the BEM-CFD model a comparison is performed with the experimental towtank results published by Bahaj [24] which were summarised above. Power and thrust coefficient variations with the tip speed ratio were also determined using classical blade element momentum theory with hub and tip loss corrections [7] for further comparison with the results of the BEM-CFD model.
Convergence of Power Coefficients and Mesh Dependency of Solution
To evaluate convergence and mesh dependency of the solutions, simulations were conducted for a range of mesh densities within the blade region where the source terms are introduced and were run for 100,000 iterations each. This was performed using the unconstrained domain geometry outlined in Section 3.3. Variation in the power coefficient, C P , is monitored to evaluate convergence. The blade region is 0.06 m in the flow direction (x) and 1.10 m in each of the vertical (y) and lateral (z) directions. Mesh resolutions considered in the blade region ranged between 5 and 40 elements in the flow direction (along x 3 in Figure 4 ), and between 26 and 78 elements in the lateral (z 2 ) and vertical (y 2 ) directions. Convergence of performance coefficients occurs at around 10,000 iterations (see Figure 5a ). For the range of mesh resolutions considered, an increase in the number of elements along the x direction resulted in increasing C P values whereas an increase in the y and z directions usually resulted in a decrease (see Figure 5b) . Using the highest mesh resolution considered (x = 40; y = z = 78) as the most accurate indicator of the performance of the turbine, a C P value of 0.416 was predicted for the rotor. C P values increased with increasing mesh resolution within the blade region along the flow direction. With the exception of the lowest longitudinal mesh resolution (x = 5 elements), C P values decreased with increasing mesh resolution along the lateral and vertical directions. Errors ranged between 0.3 % and 8.8 %. Mesh resolution used throughout this paper is 20 elements along the flow direction and 52 elements along the lateral and vertical directions which corresponds to an error in C P of 0.4 % (a C P value of 0.414 was predicted). Simulations conducted for this study are run for 13,000 iterations, by which point changes to values of the coefficients with further iterations are insignificant.
Comparison of Power and Thrust Coefficients
Simulations of the tow-tank experiments were conducted for a range of tip speed ratios (TSR) based on the available measured data. Comparisons of the variation in power (C P ) and thrust (C F ) coefficients with TSR determined through physical and numerical simulations for shallow (H=0.15 m) and deep (H=0.44 m) tip immersions are presented in Figure 6 and Figure 7 for hub pitch angles of 20° and 25° respectively. The experimental and BEM-CFD model both predict a peak performance occurring at a TSR value between 5.0 and 6.0. For larger TSR values, there is a sharp drop in performance. As the TSR increases for a given free-stream velocity, the angle of attack (Figure 1c ) decreases and the lift and drag forces act almost perpendicular and parallel to the blade respectively, hence, more of the flow is diverted away from the blade and the blade becomes less efficient.
[a]
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The experimental results indicate a clear improvement in performance with increasing submergence level of the turbine as shown by an increase in both power and thrust coefficients. These trends are discussed in some detail by Bahaj et al. [24] , and are ultimately linked to free-surface effects. For a shallow tip immersion, the turbine is closer to the free surface which limits expansion of the wake and hence, a smaller pressure difference occurs across the turbine.
For the BEM-CFD simulation, a symmetry wall boundary condition was implemented in place of the free water surface which requires that there is no flow or scalar flux across the boundary [28] . Variations in water surface elevation are not captured and hence, errors are likely to be large where free surface effects are significant as demonstrated by Consul et al. [29] . There was no difference between the power and thrust curves for the two submergence conditions indicating that where free surface conditions are significant, an alternative approach is required for modelling the water surface. The authors' work on filling mould cavities using a volume of fluid approach for the free surface [30] has shown this to be a significant computational overhead.
As discussed earlier, the power and thrust curves taken from Bahaj et al. [24] have been corrected for blockage effects. Due to the confined cross-sectional area of the towtank in which the experiments were conducted, a larger proportion of the flow is likely to be forced through the turbine, rather than moving around the device due to a more usual expansion of the flow around an obstruction. This concept may give rise to a better performance than would otherwise be expected. The BEM-CFD results at this stage have not been corrected for blockage effects, although this will be addressed at a later stage (see Section 4.3). However, this explains the greater magnitude of coefficient values when compared to the experimental results. The trends observed are virtually identical for the two hub pitch angles. 
Blockage-Corrected Power and Thrust Coefficients
A reduction in blockage effects by increasing cross-sectional area within the computational model results in a reduction of power and thrust coefficient magnitudes (see Figure 8 ). This is due to the flow being allowed to expand more freely around the rotor causing less of the flow to pass through the rotor. Previously, it was shown that the difference between power coefficient curves predicted by the BEM-CFD model for the shallow and deep tip immersions was insignificant (see Figure 7) . These findings indicate that the model is affected more significantly by blockage effects rather than the position of the rotor within the water column.
The reason why the power and thrust coefficient values predicted by the BEM-CFD model for the deep tip immersion case are significantly higher than the experimentally determined values is that Bahaj et al. [24] corrected their results for blockage. Their method was described earlier in Section 3.3 and aims to produce a more realistic value representative of the performance of the turbine for the flow conditions implemented but in the absence of the blockage which arises due to the confined cross-sectional area of the flume. The same methodology was applied to the BEM-CFD results, and by characterising downstream conditions based on velocities 15 diameter lengths from the rotor, power and thrust coefficients are much more consistent with the published experimental values (see Figure 8) .
The blockage correction methodology implemented is very sensitive to the location of the downstream reference location, and a more appropriate method for determining the true performance attributes of a rotor is to place it in an unconstrained domain. This is more easily achieved numerically, and it is suggested based on the corresponding results that the correction method implemented by Bahaj et al. [24] over-compensates for blockage effects. At the peak performance TSR, the power coefficient for the unconstrained domain is 3.88 % lower than that for the deep-tip immersion. Since power is a function of the cubic power of velocity, this is a reasonable estimate considering that the velocity at the rotor for the unconstrained domain was 1.11 % lower than the deep-tip immersion.
A further comparison is performed against the Classical BEM model presented in [7] . Agreement between the BEM and BEM-CFD model predictions of power coefficients improve at higher TSR values (see Figure 8a) . With reduction of TSR, the BEM prediction tends closer towards the experimentally determined blockage-corrected values. There is strong agreement between predictions of thrust coefficients by the BEM and the CFD-BEM models (see Figure 8b) .
Although the coupled BEM-CFD model is based on blade element momentum theory, there is a significant difference in the determination of blade forces in the two models. In the BEM model, there is no information regarding local flow speed and direction, and hence, the mean far field condition along a stream tube passing through the rotor is used. However, in the coupled model, velocities immediately upstream of the rotor are determined through the CFD model, where the flow is likely to contain some level of rotation. This means that the flow may impact the rotor at different angles which may not be parallel to the flow direction. This will affect the lift and drag forces exerted by the blade on the flow, and hence, the performance coefficients. As the CFD captures the influence of the rotor forces on the upstream flow, it is suggested that the BEM-CFD results are more representative of rotor performance in real flows. 
The Impact of Immersion on Velocity Structure
The similarity between the performances of the shallow and deep tip immersion cases as determined from the BEM-CFD model can be linked to the hydrodynamics across each rotor in the streamwise direction. This is illustrated by the velocity contours presented for a TSR of 6.0 and a hub pitch angle of 20° in Figure 9a and Figure 9b for shallow and deep tip immersions respectively.
For the shallow tip immersion, the close proximity of the water surface to the turbine appears to limit wake expansion along the top edge of the wake beyond approximately two diameters downstream. However, this does not appear to have any significant impact on the symmetry of the wake up to the water surface. Similarly, upstream of the turbine, the velocity contours also appear symmetrical up to the water surface. The low velocity regions downstream of the rotors are slightly longer for the deep tip immersion case, but again, the difference appears to be insignificant. Furthermore, the velocity magnitudes and structures immediately upstream and downstream are virtually identical for the two cases. Although the water surface results in a sudden cut-off of any vertical features in the flow, the knock-on effects of this on the underlying flow, including that at the elevation of the rotor, is not reflected in the predicted flow structure. This type of model is clearly only suitable where surface effects on flow around the rotor are negligible i.e. for a deep tip submersion. One reason for the similarity in performance is that, although the position of the rotor varies, the overall domain size is fixed for both cases. This ensures that the total flow rate through any plane normal to the axial direction is identical, although the distribution of velocity may be different. However, as the features of the rotor are time-averaged across the rotor disk any slight imbalance in velocity has a minimal effect on performance. Provided the rotor is not too close to one of the domain boundaries these results indicate that it is unlikely that the position of the rotor will have significant effect on performance in an enclosed domain.
Similarity in the flow structures around the turbines for the two immersion cases is also reflected in the streamlines passing through each rotor as shown in the horizontal plane in Figure 10a and Figure 10b for shallow and deep tip immersions respectively. Swirl within the downstream wakes is illustrated clearly by the streamlines. For the two cases, the high swirl regions occupy a similar cross-sectional area through the centre of the wake, and are very similar in magnitude, although this can be seen more clearly in Figure 10c where the variation in the normalised area mean angular velocity, ̅ , with distance downstream is shown for the two cases.
Velocity contours for the unconstrained domain in Figure 11 do not appear to be influenced by either the bottom or top boundary and the contours appear symmetrical along the centre of the rotor. Flow near the boundaries does not appear to be affected by the rotor and is equal in magnitude to the free-stream velocity which suggests that blockage effects are low. The low velocity region immediately downstream of the rotor is slightly longer than was previously observed for the shallow and deep tip immersion cases. Similarity in the velocity of the flow upstream of the rotors for the shallow and deep tip cases is further emphasised by the velocity profile along the centreline passing through the mid-radius of each rotor (see Figure 12a) . Even for the unconstrained domain, the normalised velocity magnitude upstream of the rotor is similar to the other cases, although at the actual rotor, is in fact slightly lower by 0.93 % and 1.11 % when compared to the shallow and deep tip immersions respectively. The lower velocity may be linked to a lower blockage which would cause a greater proportion of the flow to be diverted away rather than being forced through the rotor. Further downstream of the rotor at a distance of 1.0 m and greater (see Figure 12a) , velocities within the wake are significantly lower for the unconstrained domain indicating that wake development is affected significantly by the amount of blockage.
[c] Figure 11 Normalised velocity contours on a lateral plane through the centre of a rotor for a tip speed ratio of 6.0, a hub pitch angle of 25° and an unconstrained domain (H = 2.0 m). Velocities are normalised using the inlet velocity. Figure 12b shows the velocity profile across the height of the centre of the rotor disks. For the shallow and deep tip immersions, the only difference in velocity occurs towards the top of the rotor, where the normalised velocity for the shallow tip immersion case is 2.95 % higher than the corresponding value for the deep tip immersion case. This is evidence of the flow accelerating within the confined region between the top of the rotor and the water surface for the shallow immersion condition. There is very little difference between the velocities over the rest of the rotor. As for the unconfined domain, the normalised velocities across the rotor are consistently lower than the shallow and deep tip immersion cases, and by as much as 1.29 % when compared to the deep-tip immersion case.
The Impact of Immersion on Pressure Distribution
In reality the top of the water is a free-surface that will deform depending on motion of the flow within the tank. This free-surface effect is neglected in the computational model to significantly improve computational efficiency. However, this leads to blockage effects in the model, which in turn increases predictions of performance. The pressure contours in Figure 13 show an increase in pressure around the top of the rotor and the top of the domain for the shallow tip immersion case that is not present for the corresponding deep tip immersion domain. This indicates that if free-surface effects were included in the model there would be a larger displacement of the water in this region for the shallow tip immersion than the deep tip immersion domain. This would lead to less water being forced through the rotor, and lower efficiency for the shallow tip immersion case than the deep tip immersion case, and would correspond with the trends for the experiments. 
Conclusions
The aim of this study was to present a practically useable tool that could be used in the context of tidal power to predict how tidal stream turbines may perform in typical offshore conditions. The model developed is based on the actuator disc principle which is [a] [b]
20 derived from blade element momentum theory: a modelling approach that is used extensively by the wind power industry. Shorter run times and the relatively quick achievement of convergence can be attributed to the relative simplicity of the model when compared to the more sophisticated approach of explicitly modelling individual turbine blades. Due to a lower demand on computational resources, this model can be applied to considerably more complex engineering problems, particularly ones involving multiple devices arranged in arrays. This will be of particular use to developers and stakeholders requiring feasibility assessments based on net power outputs and for environmental impact assessments which are essential considering the high level of sensitivity associated with suitable offshore deployment sites. The model can also be used to predict the influence of tidal turbines on hydrodynamics, which can be used as guidance on how the positioning of downstream devices is likely to affect their performance.
Through the work presented, the significance of blockage effects and free-surface effects on rotor performance and wake development were identified. Blockage effects are easily avoided in a CFD approach by expanding the cross-sectional area of the model domain so as to avoid or minimise the artificial forcing of flow through the rotor. Freesurface effects are only significant in the upper part of the water column, and to meet the objective of developing an efficient low-demand model, the free-surface was not accounted for. The model can therefore only be used with confidence where free-surface effects are insignificant i.e. where a turbine is positioned deeper within the water column which is likely to be the case in offshore environments.
Given the requirement for a useable model, a very good match between the blockagecorrected BEM-CFD simulations and the published flume data was observed. Reliability of the model is further supported by good agreement with the classical BEM method which is widely used within the wind power industry, although variations in the C P results are attributed to the BEM-CFD model's ability to account for the variation in velocity vectors of the flow upon impact with the rotor. It is therefore believed that the BEM-CFD model gives a more realistic estimation than the classical BEM method on turbine performance where the incoming flow is non-uniform due to interference by upstream devices, or due to complex natural bathymetries.
Due to the steady-state nature of the Reynolds-averaged simulations, and due to the time-averaged nature of the actuator disc approach, one of the key limitations of this model is its inability to capture transient features within the flow. This is likely to be significant, particularly within the immediate vicinity of the blades, and in the wake region immediately downstream of the rotor. However, several diameters downstream of the rotor, turbulence returns towards an isotropic state and its effects on the mean flow can be predicted more accurately by turbulent-viscosity models. Again, an unsteady solution would defeat the purpose of producing an efficient useable model, however, future work will address this uncertainty and explore methods of accounting for the influence of such transience at the rotor on the mean flow.
